Abstract. Analytical methods and numerical experiments are used to study salinization of groundwater in response to sea level rise. The system that is studied involves a saturated porous medium with an inclined upper surface. The upper surface is progressively inundated during sea level rise to simulate transgression, the landward migration of the shoreline. Four "modes" of seawater intrusion are distinguished: (1) horizontal intrusion for slow transgression and a relatively high-permeability (sand/silt) substrate, (2) vertical intrusion by seawater fingering for fast transgression and a sand/silt substrate, (3) vertical intrusion by diffusion for fast transgression and a low-permeability (clay) substrate, (4) vertical intrusion by combined diffusion and low-salinity fingering for fast transgression and a clay layer at the seafloor overlying an aquifer. These four modes are characterized by the development of very distinctive transition zones between the fresh and salt groundwater domains. An analytical expression is derived for the critical transgression rate which separates horizontal (mode 1) from dominantly vertical (modes 2-4) intrusion. For modes 3 and 4, salinization significantly lags behind sea level rise. The results are consistent with observations of fossil fresh/brackish groundwater beneath many continental shelves and shallow seas.
Introduction
The present distribution of fresh and salt groundwater in coastal aquifer systems has been shaped by natural processes operating at geological timescales and, more recently, by human activities in the coastal zone. Of these two factors, the influence of man's interference on salinity patterns has received by far the greatest attention in hydrological studies [e.g., Souza and Voss, 1987 were higher and lower than today. Apparently, the response of the subsurface water quality distribution to sea level change often is sufficiently slow to allow the development of these relics.
The question arises as to whether this conceptual picture of disequilibrium adjustment to sea level change can be understood quantitatively. In the present paper this question is addressed for the specific case of sea level rise, which characterizes the most recent geological time period, the Holocene (last 10,000 years), during which sea level rose by >100 m and landward shifts of coastlines over tens to hundreds of kilometers occurred on most continental shelves and other shallow seas. Both analytical methods and numerical experiments are used to study the style of seawater intrusion during sea level rise and the factors that favor a large lag in response. In the analysis, transgression, the landward migration of the coastline in response to sea level rise, which is of paramount importance at geological timescales, is explicitly taken into account.
Only a few studies have previously addressed seawater intrusion due to sea level rise quantitatively, and they differ strongly in adopted approach. In all these studies, modeling has remained rather tractable because potentially unstable density stratification of seawater overlying fresh groundwater was either avoided or ignored because of the assumptions made. Kana et al. [1984] First, some simple analytical results are presented, which suggest the existence of a critical rate of transgression which separates a domain of predominantly horizontal seawater intrusion (horizontal migration transition zone) from predominantly vertical seawater intrusion by fingering and diffusion. These two styles occur for transgression rates that are lower (in the following referred to as subcritical) and higher (referred to as supracritical) than the critical transgression rate, respectively. Then, a series of numerical model experiments are presented which illustrate the various modes of seawater intrusion for different controls in greater detail. Subsequently, the results are generalized into a scheme in which a limited number of modes of seawater intrusion are distinguished together with their controls. Finally, using this scheme, the factors favoring preservation of fresh/brackish groundwater in the offshore are inferred and discussed in relation to observational data.
Critical Transgression Rate Controlling

Vertical
Seawater Intrusion
It has been known for many decades that the steady state distribution of groundwater salinity in a coastal aquifer typically takes the form of a landward dipping seawater wedge that is separated from the freshwater domain by a transition zone of finite width resulting from diffusion and dispersion [e.g., Henry, 1964] . The top of the wedge coincides with the coastline, and both the geometry of the wedge (for instance, dip angle) and the width of the transition zone are a function of dispersivity, freshwater hydraulic gradient (freshwater recharge to the coast), and permeability distribution [Volker and Rushton, 1982; Reilly and Goodman, 1985] . Obviously, if the coastline moves some distance inland owing to sea level rise (transgression), ultimately, the wedge will assume a new steady state, in equilibrium with the new location of the coastline. It can be readily envisaged that if the transgression is sufficiently slow, a quasi-steady evolution results in which the temporal evolution of the salinity distribution can be approximated by a series of steady state wedges, in equilibrium with the momentary location of the coastline. Consequently, under these circumstances seawater intrusion into the former coastal zone is effectively horizontal. The rate at which the subsurface saltwater wedge can migrate horizontally by advection is, inherently, limited by the aquifer permeability. Therefore it follows that if the rate of transgression is sufficiently fast, the seawater wedge in the subsurface will not be able to keep up and seawater will move on top of the fresh groundwater domain, causing seawater Figure 2 schematically shows the geometry that is being considered. An aquifer and land surface dip seaward at angle /3. The initial coastline and the associated steady state saltwater wedge are indicated also. It is assumed that the onshore water table coincides with the land surface. That is, processes in the unsaturated zone are neglected. This seems reasonable because the low transgression rates considered in this study are unlikely to carry seawater on top of the vadose zone as tidal and wave movements do. If the rate of sea level rise is denoted by Vsz, the rate of transgression is given by ldtr---rs/tan/3.
(1)
Let the steady state flow field q* be given by
where the asterisk refers to steady state, k is the intrinsic permeability tensor,/x is fluid viscosity, p is pore pressure, p is fluid density, g is gravitational acceleration, and X7 is the gradient operator. An instantaneous small amount of sea level rise will induce a perturbation of the pore pressure field ap, such 
where n is aquifer porosity. Equation ( In the above derivation, only the pressure perturbation associated with sea level rise was considered. Adjustments in the salinity distribution will also contribute to the flow field. These effects are addressed in the numerical investigation reported in section 3. Equations (4) and (5) serve as a frame of reference or working hypothesis for the numerical experiments.
Numerical Investigation
Numerical Code
The numerical experiments reported in this paper were conducted with the finite element, variable-density flow and transport code METROPOL-3. For a detailed description of the code the reader is referred to the works by Leijnse [1992 
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The validity of the above conditions was corroborated for the "long-heater" Elder problem [Elder, 1968] (seawater conditions along the entire width of the top of the domain) with and without upflow. That is, numerical experiments were performed to test (1) grid/mesh convergence and (2) Racr • 10. Without upflow, progressive refinement of the mesh, both in for the "short-heater" Elder problem, apparently also relying on round off errors. The grid size for which they obtain a converged solution agrees with (8) and (9). For the following set of experiments the mesh size was chosen to satisfy (8) and (9) with dispersion dominated by molecular diffusion (substitution of the parameters listed in Table 1 in (8) and (9) and using Racr = 7 yields Az < 0.28 m and Ax < 0.56 m, respectively). This should ensure proper discretization for simulations in which D includes hydrodynamic dispersion as well. Each experiment starts with the steady state salinity distribution and flow field for a sea level of +0.05 m, which corresponds to a coastline location 50 m from the right boundary of the mesh. Model experiments simulate subsequent salinization for a given rate of sea level rise.
Results
The experiments that were conducted are summarized in Table 1 . In the experiments the following parameters or conditions were varied: (1) a full sand layer, a full clay layer, and a clay layer overlying a sandy aquifer were considered; (2) rate of sea level rise Vsl; (3) clay permeability kclay; and (4) longitudinal and transversal dispersivity az, and a r. Parameter values that were kept constant are given in Table 2 . The term "sand" is used here and in the following to denote sediments with permeabilities that are high relative to clays. The value listed in Table 2 would correspond to the permeability of a fine sand or silt. Using a higher permeability would imply a major increase in numerical cost, as explained in section 3.2. ['sand and [`clay denote the nondimensional transgression rate of (5) substituting sand and clay permeability, respectively. Experiments 1-7 constrain the critical transgression rate F cr for a uniform sand substrate and very small hydrodynamic dispersion (>40 times smaller than molecular diffusion). F cr for this set of experiments was found to occur between 5.58 and 6.51 (Table 1 ). Figure 4 displays the horizontal style of salinization for experiment (1). It shows that the transition zone quickly assumes a steeper and narrower geometry during its lateral migration in comparison with the initial steady state situation. It was found that this effect is stronger for higher rates of sea level rise. The observed steepening is probably due to inhibited outflow at the landward side of the transition zone and therefore enhanced input of salt at the top of the transition zone. This steepening, in turn, enhances the clockwise vortex in the flow field associated with the density distribution, which tends to flatten the transition zone. Apparently, the two effects (input of salt at the seafloor and the enhanced clockwise vortex) work together to (1) maintain a constant shape of the transition zone and (2) provide a mechanism for lateral migra- Table 2 tion of the transition zone in addition to that due to the changing pressure boundary conditions at the land surface. The latter effect probably explains why the experimentally determined value of I TM of --'6 is larger than the value of 1 predicted in section 2. Figure 5 shows the salinization history for experiment 7. In this experiment the transition zone lags behind the migrating coastline, and seawater fingers emanate from a diffusive boundary layer which develops as a "moving wave" at the top of the aquifer as seawater overrides fresh groundwater (this boundary layer is seen more clearly in Figure 6 , where it remains stable because of low permeability). Theoretically, fingering only starts where this boundary layer reaches a critical In experiments 8-12 the role of hydrodynamic dispersion is investigated. Experiments 8 and 9 are the same as experiment 7, except for increased dispersivities. In experiment 9, with largest dispersivities, a L = 1 rn and at = 0.1 m, respectively, fingers emanate from a thicker saline boundary layer, and finger dimensions are ---3 times larger than in experiment 7, but the basic style of seawater intrusion is not altered. Experiments 10-12, which correspond with experiments 4-6, show that hydrodynamic dispersion slightly increases I TM to a value between 6.51 and 7.44.
Experiments 13 and 14 investigate salinization of a uniform clay substrate. In these experiments, vertical "intrusion" by diffusion dominates. Figure 6 illustrates the "moving wave behavior" of the diffusive boundary layer that develops below the seafloor for experiment 13. Owing to the low permeability of the clay the boundary layer stays intact. Not surprisingly, a seaward dipping freshwater wedge develops in the offshore.
The set of experiments 15-20 were conducted for a substrate in which a 0.5 rn thick clay layer overlies a sandy aquifer. Incorporation of diurnal effects, such as tides, might affect details of the predicted salinity patterns. This would apply in particular to the relatively small spatial scale of the experiments presented here. However, it seems reasonable to assume that the modes distinguished above do provide insight for much larger scales of tens to hundreds of kilometers and geological timescales for which the magnitude of sea level change overwhelms that of diurnal processes. Perhaps more important shortcomings of the modeling with respect to its applicability to natural systems are its two-dimensional character and the absence of heterogeneity in subsurface conditions. Landscapes that are transgressed by the sea are often fluvially dominated, characterized by three-dimensional relief with valleys and channels and by laterally varying substrate conditions. These factors require further investigation.
Factors Favoring Preservation of Fresh/Brackish
Groundwater Offshore
The above findings provide a framework for prediction of offshore groundwater salinity patterns. Such a framework for prediction may be valuable in possible future offshore groundwater exploration, which becomes more viable as pressures on onshore groundwater resources increase. Of particular interest in this respect is the prediction of occurrences of fresh and/or brackish groundwater in subsea aquifers (Figure 1) . The highest potential for such occurrences would require a combination
